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Abstract: We consider the hadroproduction of a massive charged lepton plus the corresponding neutrino
through the Drell-Yan mechanism. We present a new computation of the mixed QCD-electroweak (EW)
corrections to this process. The cancellation of soft and collinear singularities is achieved by using a
formulation of the qT subtraction formalism derived from the next-to-next-to-leading-order QCD calcu-
lation for heavy-quark production. For the first time, all the real and virtual contributions due to initial-
and final-state radiation are consistently included without any approximation, except for the finite part
of the two-loop virtual correction, which is computed in the pole approximation and suitably improved
through a reweighting procedure. We demonstrate that our calculation is reliable in both on-shell and
off-shell regions, thereby providing the first prediction of the mixed QCD-EW corrections in the entire
region of the lepton transverse momentum. The computed corrections are in qualitative agreement with
what we obtain in a factorized approach of QCD and EW corrections. At large values of the lepton pT,
the mixed QCD-EW corrections are negative and increase in size, to about −20% with respect to the
next-to-leading-order QCD result at pT=500 GeV.
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We consider the hadroproduction of a massive charged lepton plus the corresponding neutrino through
the Drell-Yan mechanism. We present a new computation of the mixed QCD-electroweak (EW) corrections
to this process. The cancellation of soft and collinear singularities is achieved by using a formulation of the
qT subtraction formalism derived from the next-to-next-to-leading-order QCD calculation for heavy-quark
production. For the first time, all the real and virtual contributions due to initial- and final-state radiation are
consistently included without any approximation, except for the finite part of the two-loop virtual
correction, which is computed in the pole approximation and suitably improved through a reweighting
procedure. We demonstrate that our calculation is reliable in both on-shell and off-shell regions, thereby
providing the first prediction of the mixed QCD-EW corrections in the entire region of the lepton transverse
momentum. The computed corrections are in qualitative agreement with what we obtain in a factorized
approach of QCD and EW corrections. At large values of the lepton pT , the mixed QCD-EW corrections
are negative and increase in size, to about −20% with respect to the next-to-leading-order QCD result at
pT ¼ 500 GeV.
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I. INTRODUCTION
The production of lepton pairs through the Drell-Yan
(DY) mechanism [1] is the most classic hard-scattering
process at hadron colliders. It provides large production
rates and offers clean experimental signatures, given the
presence of at least one lepton with large transverse
momentum in the final state. Studies of the resonant
production of W and Z bosons at the Tevatron and at
the LHC lead, for instance, to precise determinations of the
W mass [2,3] and of the weak mixing angle [4,5]. It is
therefore essential to count on highly accurate theoretical
predictions for the DY cross sections and the associated
kinematical distributions. This in turn implies the inclusion
of radiative corrections to sufficiently high perturbative
orders in the strong and electroweak (EW) couplings αS
and α.
The DY process was one of the first hadronic hard-
scattering reactions for which radiative corrections
were computed. The pioneering calculations of the
next-to-leading-order (NLO) [6] and next-to-next-to-
leading-order (NNLO) [7,8] QCD corrections to the total
cross section were followed by (fully) differential NNLO
computations including the leptonic decay of the vector
boson [9–13]. The complete EW corrections for W pro-
duction have been computed in Refs. [14–18] and for Z
production in Refs. [19–23]. Very recently, the next-to-
next-to-next-to-leading-order QCD radiative corrections to
the inclusive production of a virtual photon [24] and of aW
boson [25] became available.
Since the high-precision determination of EW parame-
ters requires control over the kinematical distributions at
very high accuracy, the next natural step is the evaluation of
mixed QCD-EW corrections. In the community, significant
efforts have recently been devoted to this topic.
The mixed QCD-QED corrections to the inclusive
production of an on-shell Z boson were obtained in
Ref. [26] through an abelianization procedure from the
NNLO QCD results [7,8]. This calculation was extended to
the fully differential level for off-shell Z boson production
and decay into a pair of neutrinos (i.e., without final-state
radiation) in Ref. [27]. A similar calculation was carried out
in Ref. [28] in an on-shell approximation for the Z boson,
but including the factorized NLO QCD corrections to Z
production and the NLO QED corrections to the leptonic Z
decay. Complete OðαSαÞ computations for the production
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of on-shell Z and W bosons have been presented in
Refs. [29,30], respectively. Beyond the on-shell approxi-
mation, the most important results have been obtained in
the pole approximation (see Ref. [31] for a general
discussion). Such approximation is based on a systematic
expansion of the cross section around the W or Z
resonance, in order to split the radiative corrections into
well-defined, gauge-invariant contributions. Contrary to the
narrow-width approximation, the pole approximation (PA)
describes off-shell effects of the massive vector boson
around the resonance. Such method has been applied in
Refs. [32,33] to evaluate the so-called factorizable con-
tributions of initial-final and final-final type. In these
calculations, the initial-initial contributions were neglected,
and the so-called nonfactorizable corrections were shown
to be very small.
Given the relevance of mixed QCD-EW corrections for
precision studies of DY production, and for an accurate
measurement of the W mass [34], it is important to go
beyond these approximations. New-physics effects, in
particular, could show up in the tails of kinematical
distributions, where the PA is not expected to work. A
first step in this direction has been carried out in Ref. [35],
where complete results for the OðnFαSαÞ contributions to
the DY cross section are presented.
One of the missing ingredients in the complete OðαSαÞ
calculation is the corresponding two-loop virtual ampli-
tude. The evaluation of the 2 → 2 two-loop Feynman
diagrams with internal masses is indeed at the frontier of
current computational techniques. Progress on the evalu-
ation of the corresponding two-loop master integrals has
been reported in Refs. [36–38]. Very recently, the compu-
tation of the complete two-loop amplitude for the neutral
current dilepton production process was discussed in
Ref. [39]. On the other hand, the required tree-level and
one-loop amplitudes can nowadays be obtained with
automated tools.
In this paper, we focus on the charged-current DY
production process
pp → lþνl þ X ð1Þ
and present a new calculation of the mixed QCD-EW
corrections. At variance with previous work [32,33], we use
the PA only to evaluate the finite part of the genuine two-
loop contribution. To this purpose, we carry out the
required on-shell projection by using the W boson two-
loop form factor recently presented in Ref. [30], and we
further improve our approximation through a reweighting
technique. All the remaining real and virtual OðαSαÞ
contributions are evaluated without any approximation.
The corresponding tree-level and one-loop scattering
amplitudes are computed with OPENLOOPS [40–42] and
RECOLA [43,44], finding complete agreement. The required
phase space generation and integration is carried out within
the MATRIX framework [45]. The core of MATRIX is the
Monte Carlo program MUNICH,
1
which contains a fully
automated implementation of the dipole subtraction
method for massless and massive partons at NLO QCD
[46–48] and NLO EW [49–53]. The cancellation of the
remaining infrared singularities is achieved by using a
formulation of the qT subtraction formalism [54] derived
from the NNLO QCD computation of heavy-quark pro-
duction [55–57] through a suitable abelianization pro-
cedure [26,58]. The paper is organized as follows. In
Sec. II, we set up the formalism and detail the use of
the PA and the reweighting procedure exploited in the
computation. In Sec. III, we validate our method and
present our results for the mixed QCD-EW corrections
to the charged-current DY process. Our findings are
summarized in Sec. IV.
II. HARD VIRTUAL FUNCTION IN THE POLE
APPROXIMATION
The differential cross section for the process in Eq. (1)






where dσð0;0Þ ≡ dσLO is the Born level contribution and
dσðm;nÞ the OðαmS αnÞ correction. The mixed QCD-EW
corrections correspond to the term m ¼ n ¼ 1 in this
expansion. According to the qT subtraction formalism
[54], dσðm;nÞ can be evaluated as
dσðm;nÞ ¼ Hðm;nÞ ⊗ dσLO þ ½dσðm;nÞR − dσ
ðm;nÞ
CT : ð3Þ
The first term in Eq. (3) is obtained through a convolution
(denoted by the symbol ⊗), with respect to the longi-
tudinal-momentum fractions z1 and z2 of the colliding
partons, of the perturbatively computable function Hðm;nÞ
with the LO cross section dσLO. The second term is the real
contribution dσ
ðm;nÞ
R , where the charged lepton and the
corresponding neutrino are accompanied by additional
QCD and/or QED radiation that produces a recoil with
finite transverse momentum qT . For mþ n ¼ 2, such
contribution can be evaluated by using the dipole sub-
traction formalism [46–53]. In the limit qT → 0, the real
contribution dσ
ðm;nÞ
R is divergent, since the recoiling radi-
ation becomes soft and/or collinear to the initial-state
partons. The role of the third term, the counterterm
dσ
ðm;nÞ
CT , is to cancel the singular behavior in the limit
1
MUNICH, which is the abbreviation of MUlti-chaNnel Inte-
grator at Swiss (CH) precision, is an automated parton-level NLO
generator by S. Kallweit.
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qT → 0, thereby rendering the cross section in Eq. (3)
finite.
Besides the numerous applications at NNLO QCD for
the production of colorless final-state systems (see
Ref. [45] and references therein), and for heavy-quark
production [55–57], which correspond to the case m ¼ 2,
n ¼ 0, the method has been applied in Ref. [58] to study
NLO EW corrections to the Drell-Yan process, which
represents the case m ¼ 0, n ¼ 1. The structure of the
coefficients Hð0;1Þ and dσð0;1ÞCT can indeed be straightfor-
wardly worked out from the corresponding coefficients
entering the NLO QCD computation of heavy-quark
production through a suitable abelianization procedure
[58]. The structure of the coefficients Hð1;1Þ and dσð1;1ÞCT
can also be derived from those controlling the NNLO QCD
computation of heavy-quark production. The initial-state
soft/collinear and purely collinear contributions have been
already presented in Ref. [27]. The fact that the final state is
color neutral implies that final-state radiation is of pure
QED origin. Therefore, the purely soft contributions (one-
loop diagrams with a soft photon or gluon and tree-level
diagrams with a soft photon and a soft gluon) have a
much simpler structure compared to the corresponding
contributions entering the NNLO QCD computation of
Refs. [55–57] and can be directly constructed from
those appearing at OðαÞ.2 The only missing perturbative
ingredient is therefore the OðαSαÞ two-loop amplitude
entering the coefficient Hð1;1Þ in Eq. (3).
The coefficient Hðm;nÞ can be decomposed as
Hðm;nÞ ¼ Hðm;nÞδð1 − z1Þδð1 − z2Þ þ δHðm;nÞ; ð4Þ
where the hard contribution Hðm;nÞ contains the (mþ n)-



















fin [defined through an expansion analo-
gous to Eq. (2)] are the finite parts of the renormalized
virtual amplitudes entering the NLO EW and the mixed
QCD-EW calculations, respectively. Their explicit expres-
sions in terms of the renormalized virtual amplitudes
Mð1;0Þ, Mð0;1Þ, Mð1;1Þ after subtraction of the infrared
poles in d ¼ 4 − 2ϵ dimensions read
M
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In Eqs. (8) and (9), the function Γt is the NLO EW soft anomalous dimension, which is an operator acting on the charge
indices of the initial-state quarks and the final-state lepton. Its explicit expression can be derived from the corresponding
NLO QCD expression [59] through an abelianization procedure [58]. For the relevant Born level process
2
The only additional technical complication is the fact that the heavy quark is replaced by a much lighter lepton whose mass
regularizes final-state QED collinear singularities.
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uðp1Þd̄ðp2Þ → lþðp3Þνlðp4Þ; ð10Þ
















where Q2 ¼ ðp1 þ p2Þ2, ml is the mass of the charged
lepton, and the electric charges are given by
e1 ¼ eu ¼ 2=3, e2 ¼ ed̄ ¼ 1=3, e3 ¼ −elþ ¼ −1.
Since our calculation of the coefficient Hð1;1Þ will be
carried out by using the PA, in Sec. III A, we are going to
validate this approximation by studying its equivalent
Hð0;1Þ at OðαÞ. We therefore define two different approx-













In the pure PA of Eq. (12), the H
ð0;1Þ
PA coefficient is simply
computed by evaluating the interference of the tree-level
and the one-loop amplitude in the PA. Since the Hð0;1Þ
coefficient is eventually multiplied with the Born cross
section dσLO [see the first term on the right-hand side of
Eq. (3)], this procedure corresponds to the standard PA. An
alternative procedure is to evaluate also the denominator in
Eq. (5) in the PA. This approach effectively reweights the
virtual-tree interference in PA with the full squared Born
amplitude and is thus labeled PA, rwg in Eq. (13).
We now turn to OðαSαÞ. Since, as we will show, the PA
with the reweighting procedure works rather well forHð0;1Þ,
we define two approximations for the Hð1;1Þ coefficient































In the first approximation, Eq. (14), the interference of the
two-loop amplitude with the Born amplitude is computed
in the PA, and the same is done for the denominator. This is
analogous to what is performed in Eq. (13) at NLO EW.
In the second approximation, the expression of the H
ð1;1Þ
PA
coefficient is multiplied by the ratio Hð0;1Þ=Hð0;1ÞPA , which
corresponds to a reweighting with the full EW-virtual–Born
interference. This reweighting procedure can be motivated
by assuming a factorized approach: if we could write
Hð1;1Þ ∼Hð1;0Þ ×Hð0;1Þ, such additional factor would
improve the Hð0;1Þ coefficient with the exact one-loop
EW virtual amplitude and, therefore, with the correct
Sudakov EW logarithmic contributions [60,61] at large
values of transverse momenta. In the following, we will use
the prescription in Eq. (15) to define our central prediction
for the OðαSαÞ correction. The difference between the
results obtained with the two approximations can be used as
an estimate of the uncertainty of our procedure.
III. NUMERICAL RESULTS
Having described our calculation and defined our
approximations, we can now move on to present our




p ¼ 14 TeV. As for the EW
couplings, we follow the setup of Ref. [33]. In particular,
we use the Gμ scheme with GF ¼ 1.1663787 ×
10−5 GeV−2 and set the on-shell values of masses and
widths to mW;OS ¼ 80.385 GeV, mZ;OS ¼ 91.1876 GeV,
ΓW;OS ¼ 2.085 GeV, ΓZ;OS ¼ 2.4952 GeV. Following the
default mass scheme in RECOLA, those values are translated
















derived, and we use the complex-mass scheme [62]
throughout. The muon mass is fixed to mμ ¼
105.658369 MeV, and the pole masses of the top quark
and the Higgs boson to mt ¼ 173.07 GeV and
mH ¼ 125.9 GeV, respectively. The Cabibbo-Kobayashi-
Maskawa matrix is taken to be diagonal. We use the
NNPDF31_nnlo_as_0118_luxqed set of parton dis-
tributions [63], which is based on the LUXqed methodol-
ogy [64] for the determination of the photon flux. The QCD
coupling αS is evaluated at the corresponding (three-loop)
order. The renormalization and factorization scales are
fixed to μR ¼ μF ¼ mW . At Born level, this process
proceeds through quark-antiquark annihilation. NLO
QCD (EW) corrections additionally involve quark-gluon
(quark-photon) channels, and the mixed OðαSαÞ correc-
tions additionally involve the gluon-photon channel and
(anti)quark-(anti)quark interference channels. All the par-
tonic channels are included in our calculation, although, as
will be shown below, the dominant contribution is given by
the quark-antiquark and quark-gluon channels.
We use the following selection cuts:
pT;μ>25GeV; jyμj<2.5; pT;ν>25GeV ð16Þ
LUCA BUONOCORE et al. PHYS. REV. D 103, 114012 (2021)
114012-4
and work at the level of bare muons, i.e., no lepton
recombination with close-by photons is carried out.
A. Validation of the pole approximation
Before presenting our results, we study the quality of the
PA for the Hð0;1Þ coefficient. In Fig. 1, we show the
contribution of the coefficient Hð0;1Þ to the NLO EW
correction as a function of the muon transverse momentum
(pT). In particular, we compare the two approximations of
Eqs. (12) and (13) to the exact result. The left panel depicts
the region around the Jacobian peak and the right panel the
high-pT region. In the region below the Jacobian peak, the
PAworks relatively well and reproduces the exact result up
to a few percent. On the contrary, as pT increases, H
ð1;0Þ
PA
significantly undershoots the exact result. However, when
the PA is improved through the reweighting procedure,
the Hð0;1Þ coefficient is reproduced sufficiently well. The
relative differences are at the percent level in the low-pT
region and remain under control up to high transverse
momenta. To which extent the approximation is good,
depends, however, on the actual impact of the Hð0;1Þ
contribution to the complete NLO EW correction. This
is, of course, not an issue at OðαÞ since Hð0;1Þ is available.
We now consider the Hð1;1Þ coefficient. In Fig. 2, we
show our result for the OðαSαÞ correction, obtained by
using the approximation in Eq. (15), and the contribution of
the Hð1;1Þ coefficient in the two approximations. The lower
panel displays the relative impact of theHð1;1Þ contribution.
We first discuss the low-pT region. Here the relative impact
of the Hð1;1Þ contribution can be quite large, being of
Oð−30%Þ for very low pT values and reaching Oðþ30%Þ
in the regions pT ∼ 38–39 GeV and pT ∼ 40–41 GeV.
However, these are the pT regions where the OðαSαÞ
correction is either very small or changes sign. On the
other hand, given our observations at OðαÞ, the reweighted
pole approximation is expected to work well in these
regions, and the two approximations defined above are
indeed in good agreement. The situation is very different in
the high-pT region. Here the impact of theH
ð1;1Þ coefficient
is smaller than 1% of the entireOðαSαÞ correction. We also
observe that the contribution of Hð1;1Þ becomes even
smaller as pT increases, being at the permille level at very
large pT values. This is not unexpected since at large pT the
resonant Born-like topologies are suppressed and the cross
section is dominated by real contributions, where an on-
shell W boson is accompanied by hard QCD or QED
emissions. More precisely, we find that in this region the
dominant contribution is given by the quark-gluon partonic
channel, which is computed exactly. Therefore, even if our
approximations in Eqs. (14) and (15) should fail, say, by a
factor of 2 in this region, the impact on the computed
correction would be negligible. Since all the other con-
tributions in Eq. (3) are treated exactly, we conclude that




PA;rwg of the hard coefficient H
ð0;1Þ in the approximations introduced in Eqs. (12) and (13),
respectively, compared with the exact result dσð0;1ÞH : the region of the Jacobian peak (left) and the tail of the distribution in the muon pT
(right). The upper panels show the absolute predictions, and the lower panels display the relative difference to dσð0;1ÞH .
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our calculation of the complete OðαSαÞ correction can be
considered reliable both at small and large values of pT .
B. Results on the OðαSαÞ correction
We now turn to our final result for the complete OðαSαÞ
correction in Fig. 3. In the main panels, we show the
absolute correction dσð1;1Þ=dpT as a function of the muon
pT . The central (bottom) panels display the correction
normalized to the LO (NLO QCD) result. As discussed
above, the central value for dσð1;1Þ is obtained by comput-
ing the hard coefficient Hð1;1Þ as in Eq. (15), and the
difference with the result obtained by using the prescription
in Eq. (14) is taken as an uncertainty. However, such
uncertainty is so small that it is not resolved on the scale of
these plots. Our results can be compared with those from an
approach in which QCD and EW corrections are assumed
to completely factorize. Such approximation can be defined
as follows: for each bin, the QCD correction, dσð1;0Þ=dpT ,
and the EW correction restricted to the qq̄ channel,
dσ
ð0;1Þ
qq̄ =dpT , are computed, and the factorized OðαSαÞ
























This definition and, in particular, the exclusion of the
photon-induced channels in the EW correction dσð0;1Þ
deserve some comments [65]. A factorized approach of
mixed QCD-EW corrections is justified if the dominant
sources of QCD and EW corrections factorize with respect
to the hard W production subprocess. In phase space
regions populated by the emission of a hard additional
photon (jet), a factorized approach including the photon-
induced contribution would effectively multiply giant
K-factors [66] of QCD and EW origin, and, therefore, is
not expected to work.
Our result for the OðαSαÞ correction in the region of the
Jacobian peak is reproduced relatively well by the factor-
ized approximation. Beyond the Jacobian peak, the fac-
torized result tends to overshoot the complete result. This is
in line with what was observed in Ref. [33]. As pT
increases, the (negative) impact of the mixed QCD-EW
corrections increases, and at pT ¼ 500 GeV it reaches
about −140% with respect to the LO prediction and
−20% with respect to the NLO QCD result. The factorized
approximation describes the qualitative behavior of the
complete correction relatively well, also in the tail of the
distribution, but it tends to overshoot the full result as pT
increases.
We add some details on the procedure used to obtain
these results. In order to numerically evaluate the
FIG. 2. Impact of the OðαSαÞ hard-virtual contribution on the mixed QCD-EW corrections, computed adopting the reweighting
procedures introduced in Eqs. (14) and (15), respectively: the region of the Jacobian peak (left) and the tail of the distribution in the






multiplied by a factor of
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contribution in the square bracket of Eq. (3), a technical
cutoff rcut is introduced on the dimensionless variable
qT=M, whereM is the invariant mass of the lepton-neutrino
system. The final result in each bin, which corresponds to
the limit rcut → 0, is extracted by computing dσ
ð1;1Þ=dpT at
fixed values of rcut in the range ½0.01%; rmax. Quadratic
least χ2 fits are performed for different values of
rmax ∈ ½0.5%; 1%. The extrapolated value is then extracted
from the fit with lowest χ2=degrees-of-freedom, and the
uncertainty is estimated by comparing the results obtained
through the different fits. This procedure is the same as
implemented in MATRIX [45]. The ensuing uncertainties of
the computed correction (not shown in Fig. 3), obtained
combining statistical and systematic errors, are shown in
Fig. 4. They range from the percent level at low pT values
to Oð3%Þ at pT ¼ 500 GeV, with the exception of regions
where dσð1;1Þ=dpT is approximately zero and thus the
relative errors are artificially large. We have checked,
however, that in these regions the error is well below
one permille of the respective cross section and thus
phenomenologically irrelevant.
We finally present our predictions for the fiducial cross
section corresponding to the selection cuts in Eq. (16). In
Table I, we report the contributions σði;jÞ to the cross section
[see Eq. (2)] in the various partonic channels. The numeri-
cal uncertainties are stated in brackets, and for the NNLO
corrections σð2;0Þ and the mixed QCD–EW contributions
σð1;1Þ they include the systematic uncertainties from the
rcut → 0 extrapolation. The contribution from the channels
ud̄, cs̄ is denoted by qq̄. The contributions from the
channels qg, q̄g, and qγ, q̄γ, which enter at NLO QCD
and EW, are labeled by qg and qγ, respectively. The
contribution from all the remaining quark-quark channels
qq0, q̄q̄0, qq̄0 (excluding ud̄, cs̄) to the NNLO QCD and
mixed corrections is labeled by qðq̄Þq0. Finally, the con-
tributions from the gluon-gluon and gluon-photon chan-
nels, which are relevant only at Oðα2SÞ and OðαSαÞ, are
denoted by gg and gγ, respectively.
FIG. 3. Complete OðαSαÞ correction to the differential cross section dσð1;1Þ in the muon pT , and its factorized approximation dσð1;1Þfact ,
defined in Eq. (17). The top panels show the absolute predictions, while the central (bottom) panels display the OðαSαÞ correction
normalized to the LO (NLO QCD) result.
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We see that NLO QCD corrections are subject to large
cancellations between the qq̄ and the qg channels. As a
consequence, NLO QCD and NLO EW corrections have a
similar quantitative impact: the NLO QCD corrections
amount to −2.2% with respect to the LO result, while
NLO EW corrections contribute −2.8%. Because of similar
cancellations, the NNLO QCD corrections are rather small
and amount to þ0.4%. The newly computed mixed QCD-
EW corrections amount to þ0.6% with respect to LO, and
are dominated by the qg channel, whereas the photon-
induced qðgÞγ channels give a negligible contribution.
As a final remark, we note that the pattern of the higher-
order QCD corrections to the perturbative series is strongly
dependent on the choice of the renormalization and
factorization scales. For example, the scale choice μR ¼
μF ¼ mW=2 leads to a more common perturbative pattern:
σð1;0Þ=σLO ¼ þ10%, σð0;1Þ=σLO ¼ −2.9%, σð2;0Þ=σLO ¼
þ4.2%, σð1;1Þ=σLO ¼ þ0.76%.
IV. SUMMARY
In this paper, we have presented a new computation of
the mixed QCD-EW corrections to charged-lepton
production at the LHC. The cancellation of soft and
collinear singularities has been achieved by using a
formulation of the qT subtraction formalism derived from
the NNLO QCD calculation for heavy-quark production
through a suitable abelianization procedure. All the real and
virtual contributions due to initial- and final-state radiation
have been consistently included without any approxima-
tion, except for the finite part of the two-loop virtual
correction, which has been computed in the pole approxi-
mation and suitably improved through a reweighting
procedure. We have shown that our results are reliable
in both on-shell and off-shell regions, thereby providing the
first prediction of the mixed QCD-EW corrections in the
entire region of the lepton transverse momentum. Our
calculation is fully differential in the momenta of the
charged lepton, the corresponding neutrino, and the asso-
ciated QED and QCD radiation. Therefore, it can be used to
compute arbitrary infrared-safe observables, and, in par-
ticular, we can also deal with dressed leptons, i.e., leptons
recombined with close-by photons. The method we have
used is in principle applicable to other EW processes, as,
e.g., vector-boson pair production. More details on our
calculation will be presented elsewhere.
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FIG. 4. Relative uncertainty of theOðαSαÞ coefficient as a function of the muon pT . Combined statistical and systematic uncertainties
are shown, and the latter is associated to the qT → 0 extrapolation procedure described in the main text, performed on a binwise level. In
the gray-shaded regions, dσð1;1Þ=dpT is approximately zero and its relative error thus meaningless.
TABLE I. The different perturbative contributions to the
fiducial cross section [see Eq. (2)]. The breakdown into the
various partonic channels is also shown.
σ [pb] σLO σð1;0Þ σð0;1Þ σð2;0Þ σð1;1Þ
qq̄ 5029.2 970.5(3) −143.61ð15Þ 251(4) −7.0ð1.2Þ




tot 5029.2 −109.4ð4Þ −140.8ð2Þ 19(5) 33.3(1.3)
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